The adsorption and diffusion of H atoms on -PtO 2 (001) surface have been studied using first-principles calculations. The chemisorbed H atoms are found to bind preferentially on the top sites of O atoms due to the much larger adsorption energies with comparison to adsorption atop Pt atoms. The calculated energy barriers along the optimal diffusion paths are comparable with that of H diffusion on Pt(111). Within the WKB approximation, the nuclear quantum effects (NQEs) along the diffusion paths are investigated. It turns out that the NQEs are significant for the surface diffusion of H at room temperature and play a dominant role in cryogenic conditions.
I. INTRODUCTION
The adsorption and diffusion of hydrogen on solid surfaces play an important role in the applications of hydrogen-based energy resources: For instance, the hydrogen oxidation reaction (HOR) and/or hydrogen evolution reactions (HER) in proton-exchange membrane fuel cells (PEMFC), in which Pt-based materials are the commonly employed catalysts [1] [2] [3] . The processes involving the surface dynamics of hydrogen are also the central theme of heterogeneous catalytic reactions for the synthesis/decomposition of the hydrocarbons [4] [5] [6] [7] , hydrogen storage [8] [9] [10] [11] [12] [13] [14] [15] [16] , as well as the hydrogen embrittlement phenomena in metals and alloys [16] [17] [18] [19] [20] .
Compared to the tremendous researches on the properties of hydrogen adsorption on the surfaces of transition metals [1, 21] , much less attention has been paid to the surfaces dynamics of hydrogen on transition metal oxides, which are of equal importance in technological applications including catalysis [22] [23] [24] [25] . In this work, we study the adsorption and diffusion of hydrogen atoms on the (001) surface -PtO 2 , the dioxide of Pt which can be formed on the electrode surface of PEMFC during realistic applications [26] . In the anode reactions, the H atoms are striped of electrons, and transfer across the electrolyte (i.e., proton-exchange membrane) before arriving at the cathode in the form of protons (H + ). In the cathode reactions, the arrived protons are combined with the electrons which are transported through an electrical circuit, and react with the adsorbed O 2 molecules which are finally reduced to water. Although it is possible that the arrived electrons may combine firstly with O 2 molecules (and get the product O 2 -) and then react with H + , the combination of H + with electrons would be the dominant when considering the much larger electron affinity of H + (~ 13.6 eV) with comparison to O 2 (~ 1.46 eV) [27] . That is, the initial step of cathode reaction takes place following the Volmer route [1, 28] : H + + e - H*, where the symbol * denotes the surface adsorption sites. The diffusion of the adsorbed H atoms on the electrode surface will therefore play a key role, by affecting the supply of H to O 2 and consequently the rate of oxygen reduction reaction (ORR), the rate-limited step in electrode reactions of PEMFC [1, 2] . This study is motivated by the fact of the existence of -PtO 2 on electrode surface [26] , and the necessity of understanding the 3 diffusion process of H atoms on the surface of -PtO 2 , which is yet unclear to date.
Due to the light mass and low electron densities of H atoms, their quantum motions, or the nuclear quantum effects (NQEs) would be significant at room temperatures and below. It has been demonstrated theoretically and experimentally that the NQEs of H have significant influence on the structural and dynamical properties of condensed phases such as water [29] [30] [31] [32] [33] [34] , liquid hydrogen [35] , and crystal polymorphs [36] . Accordingly, we will investigate the NQEs on the diffusion of H atoms on the -PtO 2 surface.
II. METHODS
The first-principles calculations were carried out using the VASP code [37, 38] , which is based on density functional theory (DFT). The crystal of -PtO 2 takes an orthorhombic CaCl 2 -type structure [39] , which is unique when compare to the other group-VIII metal dioxides that crystallize in the tetragonal rutile structure [40] . In our study, the -PtO 2 (001) surface is modeled by a six-layer slab, with a p(2×2) surface unit cell which repeats periodically along the xy-plane, separated by a vacuum layer of ~ 15 Å in the z-direction. The atomic positions of the bottom three layers are fixed to simulate the bulk state. More details about the structures of the -PtO 2 (001) surface can be found in a recent work [41] . The electronic structure calculations were performed using a plane wave basis set with an energy cutoff of 600 eV for the expansion of electron wave functions. The projector augmented wave (PAW) potentials [42, 43] were employed to describe the electron-ion interactions. The exchange-correlation interactions of electrons are described by the PBE type functional [44] . To make a comparison, the van der Waals interactions between H and the PtO 2 surface were described by using the van der Waals density functional (vdW-DF) [45, 46] . The vibrational frequencies of the adsorbed H atoms and the adsorption systems were computed using the density functional perturbation theory (DFPT) [47, 48] . For structural relaxation and total energy calculations of the H/PtO 2 system, a 4×4×1 Monkhorst-Pack k-mesh [49] is generated for sampling the Brillouin zone (BZ), and a 2×2×1 k-mesh is employed for the DFPT calculations. To study the diffusion of H atoms on the -PtO 2 surface, we employed the nudged elastic band (NEB) method [50, 51] implemented in VASP to locate the saddle points of potential energy surface, and search for the minimum energy path (MEP) of diffusion. With the determined energy barriers, we can study the diffusion dynamics of the adsorbed H atoms from one surface site to another. The nuclear quantum effects (NQEs) are investigated within the Wentzel-Kramers-Brillouin (WKB) approximation [52] [53] [54] , in which the transmission coefficient for a particle tunneling through a potential barrier V(x) is evaluated as follows:
, where m is the particle mass,  is the reduced Planck's constant, and E is the energy of the particle that is associated with motion in the x-direction. In our calculation, E corresponds to the kinetic energies of the H atom due to thermal motions, and m is the mass of H. The range of integration is: a  x  b, within which V(x) -E  0.
III. RESULTS AND DISCUSSION
Adsorption of H atoms on -PtO 2 (001). We begin with studying the adsorption of H atoms on -PtO 2 (001), surveying a number of plausible configurations (Figure 1 ), including the adsorption on the top sites of surface O and Pt atoms. The corresponding adsorption energies, zero-point energies and adsorption geometries are listed in Table I . We have compared the results obtained by spin-polarized and non-spin-polarized calculations, and found that the difference in adsorption energies is less than 0.1 eV, with the most stable configuration being the spin-unpolarized state.
Therefore, the results obtained by non-spin-polarized calculations will be presented here.
For the configurations shown in Figure (Table I) .
From the results presented in Figures 3, 4 and Table I , one sees that van der Waals interactions have some nontrivial effects on the energy barriers encountered along the diffusion pathway, as well as the adsorption geometries of the transition 
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at atomic scale, the rate constant is proportional to the probability of passing through the energy barriers encountered, which is usually expressed in the form of
where E b is the height of energy barrier, k B is the Boltzmann constant and T is temperature. In the realm of classical physics, a particle can overcome an energy barrier only when its kinetic energy is equal to or higher than the barrier. In quantum physics, the situation is much more different: A particle can pass through a barrier which is higher than its kinetic energy at non-zero probability. This is the so-called quantum tunneling phenomenon. At the thermal equilibrium state, the kinetic energy distribution function of a single particle at temperature T is [58] :
where E k is the kinetic energy. For a classical particle, the probability of surmounting an energy barrier with a height of E b is: For each given value of E k , T r (E k ) can be evaluated numerically using the data of potential V(x) ( E b ), which is obtained by DFT calculations. In the situation where the kinetic energy of the particle is lower than the energy barrier (E k  E b ), the classical transport is prohibited (P C = 0) and only quantum tunneling is possible. The total probability of passing through the barrier is therefore P tot = P C + P Q . In the calculation of P C and P Q , the quantum vibrational levels are neglected due to two reasons: i) The diffusion on the surface is mainly due to the translational and rotational motions of H atoms, and ii) The typical excitation energy (ℏω , twice the zero-point energy listed in Table I ) between the quantum vibrational levels is ~ 0.5 eV, which can hardly be activated at room temperature conditions, and the H atoms mostly stay at their zero-point vibrational state, which does not contribute to the diffusion dynamics. From Eq. (2), one sees that the term T r (E k ) is nontrivial only when the particle mass is small, which explains why the nuclear quantum effects (NQEs) are more pronounced in hydrogen-involved systems than other systems which 10 consist of heavy atoms. Increase of particle mass leads to exponentially decrease of the tunneling probability.
For a H atom that diffuses on -PtO 2 (001) at room temperature (T ~ 300 K), the classical and quantum tunneling probability, and their sum of surmounting the energy barriers along the three paths are summarized in Table II  C, the classical and quantum tunneling probability are of the same order of magnitude. For the diffusion of IIA  IID, the classical probability P C is more than two times larger than the quantum tunneling probability P Q . The underlying physical origin is: For a given temperature, P C depends only on the barrier height E b , while P Q depends on the shape of barrier, including the barrier height and width, as well as the particle mass. To demonstrate this point, we go further to compare the two segmental paths of Path II: IIA  IID and IIE  C, which have similar height of E b (0.39 eV vs 0.37 eV). For the diffusion path IIE  C, P Q is slightly larger than P C , while the order is inverse (P Q < P C ) for IIA  IID, due to the larger barrier width in path IIA  IID than in IIE  C (Table II, 3 .76 Å vs 1.87 Å). Based on the probability of surmounting the barriers (Table II) , the reaction constant can be estimated by multiplying an attempting frequency of the adsorbed atom, which is the order of 10 12 s -1 [59, 60] . As indicated in Figure 6 and Table II , the NQEs contribute ~ 50% to the total probability of crossing the barrier (Path A  IB, Figure 3 ) at room temperature (~ 300 K). The NQEs will be even more important in cryogenic region, where the value of P Q is several to tens order of magnitude larger than P C , which marks the dominant role of NQEs. On the other hand, the value of P C increases drastically with elevated temperatures and begins to play a nontrivial role at room temperature ( ≈ ) and beyond.
In the studies above, the three-dimensional (3D) energy profiles of diffusion are reduced to the MEP, the most probable pathway within the framework of classical statistical mechanics. With the reaction coordinates being described by a single variable (e.g., the distance traveled by H in our case), the MEP is mathematically equivalent to quasi-one-dimensional (1D) barriers and therefore can be treated by the WKB method. As a result, the diffusion processes along the other energy pathways, e.g., the ones with larger barrier heights while smaller widths which may bear similar values of P Q at low temperatures, have been neglected. Meanwhile, the dynamics of the underlying PtO 2 surface are not taken into account when evaluating the energy pathway of diffusion, which may also dramatically modify the magnitude of energy barriers along the MEP, especially at intermediate and high temperature conditions [61] [62] [63] . The shortcomings discussed here might have nontrivial effects on the results presented in this work, and will be the topic of future research.
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IV. CONCLUSIONS
In summary, we present an extensive study on the adsorption and diffusion of H [34], which is too much time-consuming and still beyond our affordable computational resources, would provide more insights into the role of NQEs on surface-based processes. Table II . The calculated classical probability (P C ), quantum tunneling probability (P Q ), and the total probability (P tot ) of surmounting the energy barriers along the paths of H diffusion on -PtO 2 (001) at 300 K. E b is the height of barrier, and w is the width of barrier (illustrated in Figure 3 ). 
